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A revised calvulation of the contribution of plutonium to the temperature
coefficient of graphite piles is given. An experiment in the Lattice Testing
Reactor to measure this contribution is described. An outline is given of a
new and more accurate method of celculating temperature coefficients of
reactivity and isotope buildup. The method of successive generations is
extended to include the neutron flux in the moderator of a pile in order %o
permit the calculation of thermal utilization. The tempersture of the neutron
flux leaving a Hanford-type slug is calculated. Buckling measurements are
reported on slugs possessing axial holes filled with water. A description of
two inexpensive neutron sources is given. Measurements are reported on the
resonance integrsl of U-235.

Techniques are described for the measurement of v(U-235) at thermal energy
and some preliminary results are given. Progress on the measurement of the C-12
and Th~232 cross sections and related work is reported.

An outline is given of a method for celculating the changes in the thermal
properties of a crystal caused by the presence of randomly placed impurities.

Some estimates of "critically safe"” cylinders are made for very concen-

trated plutonium solutions in which the flux is faster than thermal.

LLESSIFIED



T -

USEED - e

LATTICE PHYSICS

The Dependence of Long Term Reactivity Gains on Neutron Temperature and the

A(T,T") = 6.02(1 + apg) | Co(T)

Variation of the Graphite Tempersture Coefficient with Exposure - R. E. Heineman

The caleculations presented in the previous Quarterly Report, HW-33384, and at
the recent Reactor Physics Cbnference at the Oak Ridge National Laboratory have
been revised in part and such portions are presented here. Though the magnitude
of the temperature effects on reactivity are changed somewhat, their trend is
the same. These revised numbers are presented specifically to give some idea of
the order of magnitude of the effects, their uncertainties, and their trend.
More exact calculations are necessary, which make use of values of Q. in the
0.3 ev resonance that are more certain than the values calculated in NL-250,

in order to predict initial reactivity gains with sssurance.

In the previous calculations the cross sections used were average values over
the pile spectrum (thermal + 1/E tail) for a reactor having unirradiated fuel.
These cross sections were not changed as a function of exposure. Since the pile
cross section of U-238 is, for example,

hg ko §*9

28 28 / Ne2
%pile = %thermal * e - p28)kf25°f25 &53 tv? oo §§8

which increases with exposure of the fuel, neglecting this variation gives a
reactivity gain with exposure which is too large. Neglecting the similar changes
in the 49 cross sections gives a gain which is too small. The overall effect is
that too large a reactivity gain was predicted. In the revised calculations the
correct pile cross section of 28 is used in calculating the buildup of Pu-239,
but only the thermsl part is used in the determination of the change in multipli-
cation factor. The resultant equation for the initial slope of the local long
term geins curve is

Pip1y /o 25 (mp:
1+ ayg(T') oulT) /o= (T ))
TV T cog(Tr) 4 2
1) | B TTTam | o) + =73 Gps

af25(?1“) 22 1t Cog(TY) 1+ Copy(TH)

where A(T,T') is the slope in ih/MWD/T for a reactor which is operated at temperature
T and whose reactivity is measured at temperature T'; Co is the initial conversion
ratio; Coth is the thermal part of the conversion ratio; and ¢_P is the fission
product absorption cross section per fission pair (negleiting %e»l}S and Sm-149).
This equation is the same as that given by J. B. Sampson 1 except that the con-
tribution of changes in thermal utilization are not included here.

There are three factors which contribute to an uncertainty in predicting the initial
slope for a Hanford-type reactor. They are: 1) the effective neutron temperature

(1) J. B. Sempson, NAA-SR-195, Reactor Physics Conference (1951), p. 49
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is not known; 2) the pile average Q) g is probably rather uncertain; and 3) the
value of the average fission product’cross section has never been determined
within, perhaps, a factor of two.

The curves of A(T,T') plotted in Figure 1 therefore use neutron temperature as a
parameter and are plotted for various assumptions concerning the values of ¢ 9

and oap. The pile average values of %9 which are used are plotted in Figure’2.
The curves labeled BNL-250 are determined from_p&g f_factors for 49 absorption

and fission and from measured piles values of ap /Uf as a function of temperature.
The humped character of the curve is attributed to the fact that the 49 absorption
and fission cross sections have been measured with different resolution. The
second curve for Q) o has been smoothed and lowered by an arbitrary amount to show
the effect of a chagge in ah9 in the 0.3 ev resonance.

The initial slope of the l?c long term gains taken at the startup of the

Henford H-Pile is reported(}/) to be 1.25 ih/MWD/T. Since the graphite temperature
coefficient of reactivity was not determired as a function of exposure, this value
should correspond to that for the hot pile. Thus, a search through the records
should be made to determine the moderator temperetures during the time the H-Pile
data was being taken. This, together with data on the production of Pu-240 at the
pile areas, should shed some light on the question of au9 and the effective neutron
temperature.

An analysis of the percent Pu-240 found in Hanford plutonium yields, essentially,

PR
the cross-section ratio S . & ayg = 0.984. Using a reasonable value for
25 25
o

g
iy
neutron temperature, 600°K (about 5Q°K less than the maximum graphite temperature)
9
g

in assigning a value to the ratio

, one finds a value of &Z; of 0.46. Lowering
25
of

the temperature by 100° to 500°K gives &Zm = 0.52. Thus, lowering the assumed
effective temperature increases the derivéd value cf QAhge On the other hand, from
Figure 1 it is seen that increasing the assumed neutron temperature for a given
initial slope A(T=T') increases the value of ayg-

The calculated initial slopes imply an increasing graphite temperature coefficient
of reactivity, Cg, with exposure. The change is given by

. AT - 7') - A(T,>00) o
ACg = T 300 2 ih/°C/MWD/T.

For T = 500° Figure 1 gives values of A Cg of 2.2 x 1073 or 3.0 x 1072 ih/°C/MWD/T

for the two sets of values of &ZE. A Cg increases as the temperature T increases.
The implications of a large temperature coefficient on reactor comtrol due to the
Pu-239 contained in either a high temperature, high exposure power reactor using
U-238 in its fuel or a high te?gsrature Pu-239 enriched reactor has been pointed
out in an internal memorandum. The calculations which have been presented here

(2) HW-33789, Factors Limiting High Exposure Operation of the Proposed Dual
Purpose Reactor, R. E. Heineman and G. W. Stuart.
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are not the most suitable for temperature coefficient calculations, as has been
pointed out by G. W. Stuart, and an exact calculation for high exposure fuel
should take into account the self-shielding in the vicinity of the Pu-239
resonance.

Though the change in Cg due to Pu-239 buildup in a Hanford reactor is rather
sizable even at 600 MND/T, it has never been observed conclusively. In the first
place such a change has never been looked for and, in the second place, the
temperature coefficient should be expected to decrease initially while the Sm-149
builds up to saturation. Under such conditions, and realizing the difficulty of
observing temperature coefficient changes under operating conditions, it is not
surprising that such expected changes have not been observed in the routine
operation of the Hanford reactors.

Prototype Lattice Testing Reactor - D. J. Donahue, D. D. Lanning

Consideration has been given to the possibility of measuring in the LTR the
variation of the moderator temperature coefficient of réactivi?% of graphite
piles with the exposure of the fuel in the pile. Calculations ) have shown
that this variation may be quite large and significant in the design of high
exposure piles.

Preliminary steps have been taken toward the procurement of uranium slugs alloyed
with varying amounts of plutonium. The Pu-239 and U-235 concentrations in these
slugs will be adjusted to simulate natural uranium which has an integrated expcsure
of 0, 1000, 2000, and 4000 MWD/T. No effort will be made, during the fabrication
of these slugs, to actually duplicate the distribution of Pu in an irradiated slug,
but rather, the Pu will simply be dispersed homogeneously throughout.

Core Heater for LTR -~ R. E. Peterson

In order that temperature effects in a test lattice may be measured in the pro-
posed experiments for the prototype LTR, methods for elevating the temperature of
the test core are being considered. Meaningful meesurements can be made only if
the core is thermally insulated from the remainder of the reactor. An upper
temperature limit of 400 C has been tentatively decided upon for the core. The
design may then be resolved into the following brosd specifications:

i) Provide means for introducing heat energy into the test core uniformly,
utilizing a low neutron absorbing medium with the core in place in the
reactor.

i1) Provide a thermal barrier between the test core and the remainder of the
reactor such that the latter remains at essentially ambient temperature,
alsc utilizing a low neutron absorbing medium.

iii) Provide instrumentation to control and measure core temperature accurately.

(%) HW-32934 , The Dependence of Long Term Gains on Neutron Temperature, and the
Variation of the Graphite Temperature Coefficient with Exposure, R. E. Heineman
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Heat energy may be introduced into the core by either circulating a heat trans-
ferring medium or by electrical resistance heating. At the present time resis-
tance heating appears to be most convenlent. Resistance heating elements of the
"Cal Rod" type are being considered.

The thermal barrier presents a more difficult problem from an engineering view-
point. It appears that a vacuum envelope on all six sides of the core, made of
aluminum whose walls are supported by small ceramic pieces, will meet the specifi-
cation set forth.

Rough calculations indicate that the energy required to raise the core temperature
to 40O C is of the order of 200 KWH. Plans have been made ‘o mock-up the designs
on a laboratory scale and measure the heat leakage, temperature distribution,
etc., prior to building the full scale unit.

B Weighting, Temperature Coefficients of Reactivity and Isotope Buildup Calcula-
tions - G. W. Stuart

I. In this report we shall discuss certain aspects of the three rather unrela-
ted topics appearing in the title. This seeming diversity of content is
removed and all are concatenated into a cohesive whole upon the introduction
of the somewhat protean problem which initially stimulated our investigation.

When there is a high inventory of Pu-239 in a thermsl reactor operating on a
uranium-plutonium cycle, the reactor will pogsess a magsive positive tempera-
ture coefficient of the regeneration factor n, making reactor control a
fairly difficult task. The resder may substantiate the foundation of our
argument by consulting the Pu~23%9 cross sections in BNL-250. The rather
large low lying resonance in the Pu-239 cross section at 0.3 ev is the
culprit in this instance. Our problem, mentioned in the paragraph above, is
to accurately calculate the magnitude of this effect for the geometry (cylin~
drical fuel elements) and isotopic concentrations of interest to Hanford.

II. B Weighting

For our first consideration, let us examine the established method of
averaging 7 over energy, i.e., over a maxwellian distribution of thermal
neutrons. This involves multiplying the monoenergetic value 1 (E) by the
probability of capture at that energy £ (E) (the macroscopic absorption
cross section) and the number of neutrons present at that energy, ¢ (E,kT),
taken to be maxwellien. Integration over energy and division by the normel-
izing factor, yields

Q0
( 1(E)s*(E)}(E,kT) dE
Q

e = Tro
J $2(E) 4 (B,k1) dE
O

Z 2(8)
ARSI

(1)

8 (E)

D)
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-13-
wh?r§ the sum is over the various isotopes. Introducing the definition of
n (E ,

> v I (E)

(2) n(E) = =
E
C 2@
i
and that of "f" factors 00
,f
j £, (E) 4(B) aE
a,f o 1
(3) £z

Pe

yr' &,f
= % (k1)

reduces Equetion 1 to the well-known form

E vifi (kT) zI; (xr)
(4) <My =

£ (xT) = (kT)
1 1

i

[N

Equation 4 is clearly not applicable to the problem at hand. Consider the
pathological situation where our maxwellian distribution is centered at
thermal energy with an infin%%e resonance {of finite width) appearing in an
isotopic cross section at 10°Y ev. From Equetion 3 the relevant "f" factor
would be infinite. This is ridiculous for we cannot absorb, at a given
energy more neutrons than are present at that energy. Alternately stated,
Equation 3 does not account for the flux depression within an absorbing
medium. Let us reformulate the problem by ?hﬂsstituting B(E) for £a(E)
where B(E) is the blackness of the fuel rod\"/ to neutrons of energy E, i.e.,
the probability that a neutron of energy E irncident upon the fuel rod will
be absorbed.

©
J‘ n(E) B (E) 4 (E,kT) dE

(5) <n>kT = ©
f 5 (5) ¢ (8,k7) ar
C

This formulation is by definition, providing B(E) is calculated correctly,
the proper one. Since B(E) refers to impinging neutrons ¢(E,kT) need only
refer to th? 3nci&ent_neutron spectrum which is to a high approximation
maxwellian.(?/ The so-called spectral hardening effect of the neutron

(4) Rod blacknesses are plotted as a function of rod cross section and dimension
in HW-34187. The theory underlying these values may be found in HW-33566.

(5) See The Exit Thermal Neutron Spectrum from a Hanford Slug , elsewhere in
this Quarterly Report.
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spectrum within the fuel rod is incorporated into Equation 5. Furthermore,
for a very highly absorbing rod B(E) saturates to unity eliminating the
anomelous situation where more neutrons are absorbed than are present.

One can now see that Equation 1 is applicable only in the case of small rod
absorption, i.e.,

(6) B(E) —> ()
$2(E) -0

Substitution of B weighting for £2 weighting will reduce the influence of the
Pu-2%9 resonance by reason of the saturability of g8 and thus decrease the
temperature coefficient of 7.

III. The Spatial Distribution of Isotopes

In our program to accurately tie down the temperature coefficient of n for
a high exposure reactor we must take into account the spatial distribution
of isotopes within a fuel rod. Since Pu-23% builds up roughly as Io{(xr),
being peaked towards the outside of the rod, whereas the residual U-235
distribution has exactly the opposite behavior, and since the thermal flux
also rises towards the periphery of the rod, one would expect the Pu-239
contribution to 7 to be emphasized while the U-~235 contribution is de-
emphasized. The U-238 distribution may be teken as flat so that it also
will be de-emphasized. Because the monoenergetic flux shape, ¢(E,r),
within the rod differs from energy to energy, one can see that the above
effect will be temperature dependent. The isctope distribution effect
will increase the influence of the Pu-239 resonance since within the energy
range of the resonance the flux distribution within the rod will be quite
steep.

It will now be necessary to put the above discussion into mathematical
terms. Assume that the radial distribution of isotope i within a fuel rod
is given by A;(r). We define a function g4 (E) by

(7) Q. (E) - absorptions in isotope 1 at energy E
1 absorptions in isotope i at energy E with a flet spatial distribution

80 that we may redefine 1 as

> v aE) 5 ()
(8) e = =
C w5 @)
i

Equation 7 may be restated

j/dE?IAi(r) 4(E,r) Frag

) ulE - ﬁi(r)d?ﬁé(rz,r)d?
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In practice, one will obtain the flux distributions, ¢(E,r), from the
successive generations method (HW-33566; loc. cit.). Since these distribu~
tions are calculated on the basis of a homogeneous rod, such a substitution
corresponds to a first order perturbative approximation. This approximastion
will underestimate q for Pu-239 and overestimate q for U-235 thus under-
estimating the n effect. The;(r) have been experimentally determined at
Henford.

Equation 8 is used to replace Equation 2 in Equation 5.

IV. Isotope Buildup Calculations

The final topic we shall consider here is that of isotope builldup calcula-
tions. In order to obtain effective cross sections for this type calcula-
tion, we must both B-weight and q-weight. Again, casting our statements
into mathemstical form.

Q0
J/ qi(E> Ui(E) Q‘(E,k’l‘) ﬂ(E) dE
(o]

(10) {91 = =
jf #(E,kT) B(E) dE

It should be noted that since B and q; are functions of all the isotopes
present in the rod <o,) will also be dependent upon the nuclear species
different from i. In addition, B (and g;) will be functions of exposure so
that, a fortiori,{s;) will vary with irradiation.

To make the calculation tractable, f will be taken from the homogeneous rod
calculation.

Thermal Utilization and Slug Blackness - G. W. Stuart

A rigorous tran?ggrt theoretic method, the method of successive generations, has
been formulated which yields a complete description of the thermal neutron
behavior within a cylindrical fuel rod. It is now necessary to continue this
solution out into the graphite in order to calculate thermal utilizations. The
pedestrian route to this end is to:

i) Use the ordinary diffusion theory functional form(T) in the moderator:
(1) g (r) = ¢ [IO(Klr)Kl(KlRl) +KO(Klr)Il(KlRl):I + S, and

ii) Employ the rigorous fuel rod solution to modify the boundary conditions
satisfied by the moderator solution at the fuel rod moderator interface.

(6) HW-29992, HW-31351, HW-32349, HW-33566. The most complete description is
given in HW-33566, G. W. Stuart and R. W. Woodruff, The Successive Generstions
Method .

(7) Glasstone, Elements of Nuclear Reactor Theory, p. 268, eq. (9.59.1).
Glasstone's notation will be used throughout except for some obvious changes.

T
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This is the program we shall outline below.

Instead of applying & boundary condition on the net current crossing the inter-

face, we instead apply a boundary condition on the inward currenmt. (Continuity

of net current is also contained in Equation 2 below by reason of the definition
of rod blackness.)

41 D1 ¢
2 J = 4= 2
(0]

This expression for the current is consistent with the assumption of & hemi-
spherically symmetric entering current made in the successive generations calcu-
lation within the slug. We retain continuity of flux as our other boundary
condition.

(3) $.(R,) = ¢ apy

where(a)

() b2 D (ZagRe)™ 11, (1,%)
n

Upon using the definition

(5) 1 . 1 , absorptions in moderator
f - absorptions in metal

and recognizing that absorptions in metal equals 27R Jyyf, where B is slug
blackness, one obtains upon elementary integration and algebraic manipulation,

% .V
(6) .14+ r 6@
: FT, |t O(EL)
where
gzaoRo
(7) F = 2B
_ 2.8
(8) G = 3 (1 u)

and E has the standard diffusion theory form.

The function G is new, not having appeared in the slightly less sophistacted forms
of the theory. It may be interpreted as follows: Upon introducing { into the
problem, we no longer had to stipulate the form of the exit neutron current. This
was a favorable modification since the exit neutron current distribution, in dis-

tinction to the entering distribution, is far from assuming the diffusion theoretic

(8) This i1s Equation 16, p. 12, HW-33566 evaluated at T = L.
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form for a reasonably strong absorber. The function G accounts in part for the
higher angular harmonics in the exit current distribution. To secure the rest
of the effect, one would have to replace Equation 1 with a more accurate fom,
i.e., modify E. This could be done by employing & hemispherical harmonic solu-
tion in the moderator since the various angular moments of the exit neutron
distribution fall out of the successive generations treatment.

By combining Equations 7 and 8 we may eliminate { and cast G into a slightly
more usable form.

F
Zaoto

In practice, instead of using Equation 7 to calculate F one would numerically
average the exact rod flux distribution (Eq. 16, HW-33566, loc. cit.).

2
(9) G = B

From the work of H. Neumann(9) one finds

TaoRo(2-8)
B

when both the exit and entering currents are taken to have the diffusion
theoretic form. Substitution of Equation 10 into Equetion 9 yields G = 1 sub-
stantiating our arguments above.

(10) F =

The Exit Thermal Neutron Spectrum from A Hanford Slug - G. W. Stuart

The initial step in our analysis involves calculation of the thermal blackness
(i.e., the probability that a thermal neutron incident on a slug will be
ebsorbed) of a natural uranium Hanford (1.69 cm radius) slug vs. ?ngsgy. This
requirement is easily accomplished using the techniques developed 1 in
HW-29992 as modified in BW-33566. We have plotted in Figure 3 both the total
cross section used to generate the thermal blackness, B, and B itself. A con-
stant scettering cross section of 9 barns is employed.

The obvious remark may now be made that if the thermal neutron spectrum incident
on a slug is £{E) then the spectrum of neutrons leaving the slug will be
Ei~B(EZ] f(E). In Figure U we show to arbitrary normelizations an incident
293°K maxwellian flux distribution with its resulting exit flux distribution.

In order to determine the temperature of the exit neutron distribution we fit
the B curve in Figure 3 with

(9) HW-32128, H. Neumann, Computation of Fuel Rod Disadvantage Factors.

(10) HW-29992, R. W. Woodruff and G. W. Stuart, Calculation of the Thermal Black-

ness of a Solid Cylindrical Fuel Rod.

HW-33566, G. W. Stuart and R. W. Woodrutf, The Successive Generations Method.
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(1) B = 0.32 4 0.54h ¢720-20 6 x
where 8 - kT
E
X = "'9"

The error in this approximation is as follows

E ev. ﬁ

0.010 -1l.3
0.015 +0.4
0.020 +1.0
0.040 0.0
0.060 2.1
0.100 -4.0
0.200 -1.2

One then forms the expression:

10 6]
( x3/2 e™® (1-0.312 - 0.544 ¢ 2020 *) ax
O

(2) <E> = 0

[s 9]
f xl/2 e™® (1-0.312 - 0.544 e 2020 *) ax
@]

= 3/p g { 2:688 - 0.5Mh (1 4 20.20 e)'5/2}
- 0.688 - 0.544 (1 + 20.20 §)~>/2
Inserting 6 - 0.025 ev.
(3) LE> = 3/2 8 [1.25}

revealing a neutron temperature rise of 73°K. Similar results for different
energy entering distributions may be obtained by merely inserting the proper 8
into Equation 2.

The results exhibited in Equation 3 could only be detected if one employed a
directionally sensitive detector. It is also of interest to calculate the
experimental results to be expected if one employed a non-directionally sensi-
tive detector. This is obviously

-5/2
L _ 1.688 - 0.54h4 (1 4+ 20.20 8) }
® 2 = 3/ 9{1.688 - 0.544 (1 4 20.20 8)-3/2

wm  [ECLASSIFIED




T —

="

r

which is for our case

(5) (E) = 3/2 8 {1.07}

or a temperature rise of 21° K at the slug moderstor interface.

(11)

The Method of Successive Generations - G. W. Stuart

During the past quarter we have(le) calculated II, (1,T). This distribution is
shown in Figure 5 along with, for comparisom, II_ (1,T).

A chart of rod blacknesses was prepared to allow ready reading off of a desired
blackness, providing the rod optical path length X and the ratio of rod scattering
to rod total cross section Z are given. The range covered is: 0 Xg<3.0; 0< 2<0.80
(0.005). This chart has been incorporated in document HW-34187 to be released into
the category Physics and Mathematics.

On Certain Infinite Integrals Involving Bessel Functions - G. M. Muller

In the last Quarterly Report(lB) the author mentioned the forthecoming preparation
of an unclassified paper describing certain mathematical results discovered in
the course of his work on computational methods to be used in connection with the
method of successive generations. The author is presenting this paper, entitled
as above, at a joint session of the AAAS and the American Mathemstical Society at
Berkeley, on December 31. The following is the text of the official sbstract of
the paper: "By the use of a well-known lemma from the theory of hypergeometric
functions, it is possible to express various classes of such integrals in terms
of elementary, or at least tabulated, functions. As an illustration, it is shown

00
that the integral £ Kp(t)Iq(tz)trdt can be expressed in terms of the complete
elliptic integrals cof the first and the second kind of parameter Zz, provided the
three numbers q, (q +ri:p)/2 are positive integers or zero. A particular case of

this result is used in the evaluation of a certain improper integral.”

A Note on the Numerical Evaluation of Infinite Integrals - G. M. Muller

Most standard works on numerical analysis do not seem to contain any reference to
the following very simple method for evaluating an integral of the form

(1) fcof(x)d_x, 048<¢ 00
a

(11) Previous discussions on this subject may be found in reports HW-31351, HW-32349,
HW~3338&, HW-33566. A reader unfamiliar with this topic is advised to read
these articles before attacking the discussion below.

(12) The calculation was performed by the methods discussed by G. M. Muller in
HW-3%38k. Since calculation of IIn(X,T), n>o on the IBM-CPC is an inefficient
procedure, extensive tabulation of these distributions awaits the delivery to

DECLASSIFIED
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where the integrand is such that, for sufficiently large x,erf(xj is monotone
non-increasing. The usual approach appears to be one in which the computer goes
into conference with his conscience to determine a finite number b which may be
safely substituted for the upper limit of integration without introducing an
appreciable error. The present method, besides eliminating the need for thus
searching one's soul, has the advantage of reducing the number of points where
f(x) bas to be evaluated just in the range whose cortribution to the value of
(1) is small. It consists merely in making the substitution t = 1/x, which
leads to

(2) Jroof(x)dx = gﬂl/af(l/t)t'adt.
a, o]

The usefulness of this method can be demonstrated most rapidly by rg;ergnce to
8 simple example. Suppose we wish to evaluate the iptegral I = x “ax
1

1
numerically. Application of (2) yields I = jr xdx. Using the trapezoidal
(6]

rule (without any subdivision of the range of integration) produces the result
I=1/2 (1 40) = 1/2 with a degree of accuracy which could hardly bave been
obtained by the direct application of any numerical method to the evaluation of
the integral in its original form. Needless to say, this methocd has been used
by the author (with good success) under rather less trivial circumstances.

Buckling Measurements - D. E. Davenport, E. D. Clayton

Buckling measurements in the large (8' x 8') exponential piles, this past
quarter, have extended the measurements with the standard Hanford slug (L.36"
dismeter) to the 10-3/8" lattice spacing and given a measurement of the effect
on the buckling of removing a 1/2" diameter core from this slug. The comparison
was carried cut in the 10-3/8" lattice and will be repeated in the 7" lattice
and the 5-3/16" lattice in the future to check the effect over the entire range
of interest. The purrose of the measurement of the effect of coring is to
investigate the reliability of theoretical calculations of the effect, since
some coring seems indicated in future slug designs to improve slug stability at
higher exposures.

The results in the 10-3/8" lattice were as follows:

Density of graphite 1.658
Dengity of uranium 18.75

Volume of aluminum : 4.3 cc/em of cell
Volume of water 2.33 cc/cm of cell
Volume of uranium: solid slug 8.57 cc/cm of cell

cored slug 7.4l ecc/em of cell

o [ELAGSIFIED
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BUCKLING
Wet Lattice Dry Lattice
Solid Slug 25 x 1076 em™2 71 x 1076 cm2
Cored Slug 11 x 1076 em™2 58 x 10'6 em™2
Difference 14 x 1076 cm™2 13 x 1076 em™2

Although detailed calculations of the theoretically expected differences have
not been completed, the measured differences agree well with rough calculations.

Miniature BF; Counter

Since time consuming cell traverses seem to call for some simpler, easier to
use flux detector than foils, a miniature BFx counter was designed which may
greatly aid in the measurement in the moderator region. The counter is 1/8" in
dlameter and 4" long with a 1 mil stainless steel center wire. It is filled to
60 cm pressure of enriched BFz. The counter has a plateau length of 150 volts
with a plateau slope of 5%/108 volts and an operating voltage of about 1500
volts. In the few weeks that it has been in operation, it has shown very good
stability and little drift in counting rate. It is presently being used to
check the moderator portion of the cell traverse in the 8-3/8" lattice, to
investigate its relisbility in use.

Neutron Sources -~ D. E. Davenport, E. D. Clayton

An investigation of possible low cost, readily available neutron sources which
would supply 107-109 neutrons/sec, suggested that two likely possibilities were
irradiated compacts of BiFxz and powdered metal mixtures of Bi and Be. On
irradiation Po is produced and the resulting alpha particles from the Po decay
yield neutrons from the (a,n) reaction with the fluorine or beryllium. If such
a source, with all of the excess bismuth left in the slug, would give a high
enough neutron emission, the very expensive separation costs of Po could be
avoided. The BiF; source has the advantage of being easy to prepare since it
has no toxicity problems and requires no mixing since it has a molecular mixture
of the target atoms of fluorine with the potentisl Po atoms. It has the dis-
advantage of a much lower efficiency of the alpha-target reaction for producing
neutrons.

Exposure of two samples of BIF, and 3 samples of Bi-Be compacts were carried
out. The measured neutron emifsion of the BiF: samples was 60% and 90% of the
theoretically calculated emissions from the es%imated exposures. Although the
60% figure seems a little low, the calculations could be in error 10-20%
because of faulty exposure estimates (the two samples were, exposed at different
times and locations). The Bi-Be compacts, surprisingly, showed yields of 40-60%
of the theoretical value, assuming molecular mixing. Since great care had not
been taken to assure very fine particle size nor very uniform mixing, this yield

| JECLISFE
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These results Indicate that it is possible to produce a 1.25" diameter, 4" long
BiFz source with an initial emission of 10° neutrons/sec, while a similar Bi-Be
source would have an emission of about 4 x 10° neutrons/sec. A detailed report
of the experiment is being prepared.

Fission Resonance Integral in U-235 - D. E. Daverport, E. D. Clayton

Recent discussions about the fraction of the fission events in a graphite
moderated reactor which are produced by epicadmium neutrons captured by U-235,
suggested that it might be worth while to take a closer look at this problem.
The fraction of such fission events occurring will depend upon the ratio of
fast to thermal flux. Some measurements here at Hanford had suggested that
this number was of the order of 8%, and fission counter measurements made in
the 8-3/8" lattice in and near the 1.%36" diameter fuel rod seem to confirm this.
The cadmium used in this measurement was 20 mils thick, giving a cut-off energy
of 0.5-0.8 ev depending somewhat on the definition. However, on comparing this
measurement with that cbtained with a BFx detector, which is a pure 1/v absorber,
it was found that the results were very nearly the same.

To get a more quantitative measure of the fission resonance integral above
cadmium cut-off, the integral was measured using a method suggested in the
literature(14),{15) ana the fission counter as the detector. The activity of a
cadmium-covered detector is given by

2 Mev

(1) ag ~ 2\ rm)eE) L
(e}

where T(E) is the transmission factor for the cadmium cover. The thermal
activity, or activity due to those neutrons which are absorbed by the cadmium,
is given by

Ath = Bare activity - Cd covered activity ~v nv @

vhere o is the average cross section for neutrons absorbed by the cadmium cover
or, essentially, the average cross section for thermel neutrons. The cadmium
ratio is the ratio of the bare detector activity to that of the cadmium-covered
detector. Therefore

Atn

CoRo ‘l - E

(14) Anderson, Fermi, Wattenberg, Weil and Zinn, Method for Measuring Neutron
Absorption Cross Sections by the Effect on the Reactivity of a Chain
Reacting Pile, Phys. Rev., Vol. 72, July 1947.

(15) Harris, Muehlhause, and Thomas, Low Energy Neutron Resonance Scattering
and Absorption, Phys. Rev., Vol. 79, July 1, 1950.
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In terms of t?e Sadmium ratio, the usual relationship for the resonance integral
is then given 1%) from the above relations as

_ aF nv i g
(2) GT‘ = qa(C~R~ ~ l)

Cd

where the transmission factor in the resonance integral has been removed and
replaced by changing the lower limits of integration from zero to cadmium cut-
off energy--the rather nebulous gquantity which has only this equivalence for a
definition. If the quantity BY is known, then the resonance integral ebove the
cadmium cut-off is determined.4

From indium foll standardizations carried out in the Hanford Standard Pile(lé)
this quantity is given by

-
-

nyv 48.26 (C.R. - 1.08)
q

for the standardized foils.

The fission chamber used in the measurements was 1-3/L" long and 5/16" in
diameter containing a total of 1.94% mg of uranium which was 95.7% U-235. The
center wire was 2 mils indiameter, and the counter was filled to a pressure of
1 atmosphere of argon. The thickness of the uranium on the platinum foil which
lined the inside circumference of the chamber was 0.33 mg/cm . This layer was
sufficiently thin sc that there was essentially no self shielding of the foil
for resonance neutrons. This chamber possessed a good discriminator plateau
(about 18% change in the counting rate for a discriminator change from 35 to 100
volts on the Atomic Instruments 204 C linear amplifier).

The measurements were taken in the small (4' x 4') exponential pile with the
8-3/8" wet lattice loaded with the standard Hanford slugs. The cadmium ratio
was measured at the corner of the lattice cell where its value would be the
highest. The cadmium ratio for the standardized indium foils was found to be
7.98, therefore

BT = 48.26 (7.98 - 1.08) = 333 em.

The cadmium ratio for the small fission chamber was 35.5. The fission resonance
integral above the cadmium cuf-off (20 mil cadmium) is then

L 333 op §

f E ° A(GL.5)

ca

(16) HW-26207, Davenport, Lynn, Richey, The Standardization of Gold and Ipdium

= - IS
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o, '%B—l = SOb barns

(1]

¢ = 0.158
A = 2.75 cm.
then Ir op Q% = 281 barns
Ca

This integral gives the total fission cross section above cadmium cut-off and
includes the 1/v absorption. If the material had a pure 1/v cross section with
the same average thermal cross section, theoretical calculations show that its
eplcadmium cross section would be 276 barns. The appropriate value for the epi-
cadmium cut-off is somewhat uncertain but is probably about 0.6 ev for U-235
covered with 20 mil cadmium. Owing to the uncertainty in the appropriate
cadmium cut-off and other possible systematic errors, the uncertainty in the
above integral is probably of the order of 10%.

Numerical integration of the fission cross section from 0.17 ev, the approximaste
Joining energy for the Maxwellian and & tail, to 0.6 ev indicates that this

portion contributes an additional 190 barns of which only 36 barns are added in
the region between 0.4-0.6 ev. This indicates the relative insensitivity of the
above result to the exact value of the cadmium cut-off which is assumed. Addi-
tional details and the results of further measurements will be given in a
separate report.

U-233 Concentration and Burnout in Thorium Metallurgical Samples - R. W. Woodruff
and G. W. Stuart

At the request of the Metallurgy Research Sub-Section we have calculated the
U-233 concentration and burnout in thorium metallurgical samples where burnout
is defined as the ratio of the number of U-23% nuclei which disappear during
the irradiation to the number which remain at the end of the irradiation. Our
results are presented in HW-34228.

Relative Conversion Ratio Measurement - H. W. Lefevre

Two foil irradiations were made during the startup of the KW reactor. These
irradiated foils will give a comparison of the conversion ratic in the 7-1/2"
wet lattice with the 8-3/8" lattice, and with other lattices to be tested in
the prototype LTR. A production test has been written which will allow use of
the Hanford Test Pile as a standard irradiation facility for relating data ob-
tained over a long time interval.
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Neutron Spectrometer Facilities - B. R. Leonard,Jr., E. J. Seppi, W. J. Friesen

I.

Fast Neutron Detector Development

Some development work has been done on a fast neutron detector for possible
use in measurements of N and v. The fast neutron detector investigated was
the Hornyak button,(l7) which consists of & homogeneous mixture of molded
ZnS (Ag) phosphor and lucite. The primary mechanism of fast neutron detec-
tion is the detection of recoil protons in lucite by means of ZnS{Ag) scin-
tillations. BEight buttons in the shape of 2-inch diameter right cylinders
were prepared by oven heating a mixture of ZnS (Ag), with an average grain
size of 8 microns, and lucite molding powder in a mold to a Eemperature of
200° C and molding under a sustained pressure of 3500 1bs/in“. This pro-
cedure produced a clear bubble-free lucite button when no ZnS (Ag) was

added to the lucite. The amounts of ZnS (Ag) and lucite used in the buttons
are listed in Table I. The reflector and light shlelding for the buttons
consisted of 5.4 mg/cm? aluminum foll and cne layer of scotch black and
electrical tape. Clear mineral oil was used for an optical coupling between
the buttons and an RCA 6342 photomultiplier tube.

To determine the relative fast neutron efficiencies of the buttons, the
detector was shielded from slow neutrons with 0.040 inches of cadmium and
placed directly behind & U-235 disk in the 0.1 ev diffracted neutron beam
of the crystal spectrometer. With the gain and discriminator bilas held
constant, the counting rate associated with each of the buttons tested was
compared with the counting rate of a thin boron ionization chamber which
monitored the slow neutron flux incident on the U-23%5 source disk. The
efficiencies of the buttons tested at an arbitrary setting of gain and
bias are listed in Table I.

For the particular grain sizes of the materials used in the buttons, the
optimum areal density of ZnS (Ag) is 0.20 gm/em® or less. The results
also indicate that for the source geometry used, a button somewhat thinner
than Button 1 and containing around 0.20 gm/cm? of ZnS may have & higher
detector efficiency than the buttons tested.

Figure 6 shows the results of an investigation of the efficiencies of
Button 1 for detection of fast neutrons and gamma rays as a function of
discrimingtor bias. Curve A shows the relative counting rate as a function
of discriminator bias of the fast neutron detector counting events from a
U-235 target using a 0.040-inch cadmium cover to shield the button from
siow neutrons. Curve B shows the relative counting rate as a function of
discriminator bias of the fast neutron detector with the U-235 source disk
removed from the beam. Both curves have been normalized so that the
ordinate gives the efficiency for fast neutron detection in a 50% gedmetry.
A fast neutron component in the slow neutron beam is seen as a change in
the slope of Curve B at blases above 10 volts. The contribution to the

(17)

Hornyek, W. F., A Fast Neutron Detector, Review of Scientific Instruments,
June 1952, p. 264

Ko,
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counting rate of Curve A at a 10-volt blas due to gamma rays and slow
neutrons is less than 0.01%.

Figure T shows the relative variation with time of the observed efficiency
of the fast neutron detector while counting a constant source. The ob-
served change in efficiency with time is probably due to voltage drifts in
the electronic components. The slope of the efficlency versus discriminstor
bias at a bias of 12 volts is about 12 per cent per volt. The slope of the
efficiency versus photomultiplier tube voltage is about 3 per cent per volt
at the operating voltage of 900 volts. An investigation of detector effi-
ciency as a function of counting rate was made by inserting a filter into
the diffracted beam to vary the incident neutron flux. The efficiency
increased by less than one per cent for a change in counting rate from
3 x 103 to 100 x 102 counts per minute.

TABLE I

Button Data

Button No. 11 6 L 7 1 10 8 g
Length of 2" Diameter

Cylinder (inches) 1.5 1.5 1.5 1.5 0.48 0.75 0.75 0.75
ZnS(Ag) (gm/cm) 0.01 0.20 0.30 0.40 0.115 0.20 0.30 0.koO
Lucite (gm/cm®) T T N T T A 2.2 2.2 2.2

Fast Neutron
Efficiency x 104 0.21 0.45 0.39 0.46 L4.2 2.3 2.8 2.5
(at 12 v. disc.bias)

IT.

An Experiment to Investigate the Relative Variation in v with Neutron
Energy.

The feasibility of an experiment for measuring the relative variation in
v, the average number of fast neutrons emitted during the slow neutron
fission of U-235, as a function of incident neutron energy has been in-
vestigated. The experiment consists of using a Hornyak button to detect
fast neutrons from U-235 fissions caused by monoenergetic neutrons from
the erystal spectrometer. The observed counting rate is proportional to
v and to the fission rate of the target. By using a fission fragment
ionization chamber with a thin U-235 foil as the neutron detector, to
obtain a number proportional to the fission rate, the relative variation
in v with incident slow neutron energy can be observed. At present the
"best value" which has been obtained for the ratio of w for 0.29 ev.
neutrons to v for 0.10 ev neutrons is 1.036 * 0.010. Where the quoted
error is the accumulated statistical error of the measurements involved
and does not contain any contribution due to instrumental and systematic

errors.
o= (LSS
E?.: 5 a*dmf L
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A relation between the observed counting rates and y can be obtained as
follows: If the fast neutron detector efficiency is low enough (eg ~ 1%)
to insure that a negligible number of counts are lost due to coincidence
detection of fast neutrons from a single fission, the counting rate of the
fast neutrons detector will be given by

L
(1) R = vNope Jr 4 dx
o

where N is the atomic density of the target, gp 18 the fission cross
section of the target material, e is the overall efficiency of the fast
neutron detector, L is the thickness of the target, and ¢ is the effective
slow neutron flux distribution through the target. Neglecting the small
increase in the effective neutron flux due to the scattered neutrons, the
flux distribution is given by

(2) ¢ = ¢0 €

where ¢y and gy are respectively the absorption and scattering cross
section of the target materiald and ¢0 is the incident slow neutron flux.
Substituting Equation 2 into Equation 1 and dividing both sides by the
counting rate of the fission fragment ionization counter gives

(3) R -

where K 1s a constant.
Integrating and solving for v gives
K R (o, + o)

€ Rf [l - e"NIJ(Ua + (Is)]

()*) v =

Ir e’NL(ca t os), the slow neutron transmission of the fast neutron source,
is greater than 90%, Equation 4 can be approximated to within 0.5% by

_ KR
(5) v = E—ﬁijﬁg

1r e"NL(0g + 03) ig vetween 90% and 70%, Equation 4 can be approximated

to within 0.5% by

(6) v = kKR
€ NL Rf T
where T is the slow neutron transmission of the target.

72
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To determine the practical feasibility of this experiment, a U-235 source
disk for which the Equation 6 is valid, was used to measure the relative
change in v between the slow neutron energies 0.10 and 0.29 ev. The count~
ing rates of the fast neutron detector and the ionization detector were
determined at spectrometer settings corresponding to these two energies.

The background cortribution to these counting rates was obtained by rotating
the spectrometer crystal two and one-half degrees from the Bragg angle. The
transmission of the disk for neutrons of 0.29 and 0.10 ev were measured and
found to be 0.781 + 0.003 and 0.739 t 0.005 giving 0.973 £ 0.004 for

r 1/2
Eg 8'28 ] + According to Equation 6, the ratio of v at these two neutron

energies is given in terms of the observed counting rates by

R(0.29) Re(0.10)
v (0.29) _ £
(7) v (0.10) ~ 0.973 R(0.10) Re(0.29)

The sources for instrumental and systematic error which have been given a
preliminary investigation are:

1) The instability of the fast neutron detector used. This instability
has been previously discussed. To prevent error due to the time
instability of the detector, the ratio v(0.29)/v{0.10) was measured in
a short total counting time. To reduce the statistical error, the
measurements were repeated several times and then averaged. Using this
method, the measurements of the ratio v(0.29)/v(0.10) under a given set
of experimental conditions could be repeated to within their predicted
statistical accuracy.

The value of v(0.29)/v(0.10) as determined above may also have an error
in it due to a possible change in fast neutron detection efficiency with
counting has been previously discussed. This effect tends to make the
observed value of v{0.29)/v(0.10) lower {by less than 1%) than the true
value.

2) The error due to second order slow neutrons. The preliminary measure-
ments of v(0.29)/v(0.10) were not corrected for second order effects.
Measurements of the magnitude of this correction have been made using
standard filter techniques. Thesge preliminary measurements indicate
that the correct value of v(0.29)/v(0.10) can be obtained from the
observed uncorrected value by multiplying by 1.0l * 0.01.

3) The constancy of fast neutron detection efficiency with spectrometer
position. The derivation of Equation 7 depends on the constancy of «.
To investigate the possibility of a change in ¢ due to a change in the
incident slow neutron distribution with spectrometer angular position,
measurements were made for incident neutron beams collimated to l—l/h",
7/8" and 1/2" diameter. Table II summarizes values of v(0.29)/v(0.10)
which have been obtained using various slow neutron beam diameters and
various diseriminator biases. The table shows that data obtained using
a 1-1/4" diemeter slow neutron beam were somewhat higher than data ob-
tained using 7/8" and 1/2" diameter slow neutron beams, thus indicating

e
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some inconstancy of € with spectrometer setting. This effect should

not be as great for slow neutron beams cf smaller diameters; data
obtaiped using a 7/8" diameter slow neutron beam as compared to that
obtained using a 1/2" diameter slow neutron beam are inconclusive and
further measurements need to be made. The best value of v(0.29)/v(0.10)
that has been obtained is 1.036 £ 0.010. This value was obtained by
taking a weighted average of measurements using 7/8" and 1/2" collima-
tion and correcting the results for second order.

TABLE IT

A List of Values for the Ratio : 8-?0  Which Have Been

Obtained Using Various Incident Slow Neutron Beam
Diameters and Various Discriminator Biases¥*

1-1/h" 7/8" 1/2"
Bias Diameter Beam Diameter Beam Diameter Beam

10 Volts 1.06% * 0.009 1.018 £ 0.007

1.055 £ 0.008

1.058 £ 0.006
12 1.034 £ 0.006 1.031 + 0.01
15 1.053% £ 0.002
20 1.043 £ 0.01 1.018 £ 0.009

* The errors quoted in this table are due to the accumulation of
statistical errors in the counting rates involved in the calcula-
tion of v(0.29)/v(0.10) using Equation 7.

Th-232 Effective Absorption Cross Section - R. E. Peterson

A bq proportional counter to be utilized in absolute counting of Th-233 B
activity has been constructed and placed in operation. In order to determine
how well the counter operates, several calibrated Co-60 sources have been made
up on thin film for absolute counting. Since the Co-60 B is much less energetic
than the Th-233 8, (0.32 Mev as compared with 1.23 Mev) little difficulty should
be encountered in counting Th-233 if Co-60 can be counted absolutely with this
instrument.

Consideration is now being given to preparation of a sample of Th-23%2 for ex-
posure. Thorium nitrate appears to be the most convenient compound for deposi-
tion on thin films since it is water soluble. However, it is of uncertain
hydration and this must be determined prior toc weighing out a sample for irradia-
tion. A direct method for establishing the degres of hydration is to ignite a
welghed sample to thorium oxide and weigh the oxide.
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C-12 Absorption Cross-Section Measurement - R. E. Peterson

Mass analysis of the Lil flux monitor has been completed by Dr. R. J. Hayden of
Argonne National Laboratory. The results of his analysis are as follows:

7 L1
%%3 unirradiated = 12.2k, %ig irradiated = 95.1

The ratio of Lil to Li6 in natural Li (RoLi) is given as 12.5 so that the
estimated error in the above ratios is about 2%.

Upon obtaining the ratio of Li7 to Li6 in the irradiated material (RLi), the
avera%g thermal neutron flux (Zii) incident upon it is given by the relation-
ship

(0g-07)8y,; T 4 26 1 - o (96707)f ;AT

Rri = Ropi e -

where 9g and 07 are the L16 and Lil cross sections averaged over a Maxwellian
distribution

N is the number of irradiation cycles
T 1s the length of each cycle.

Solution of the equation for g4 yields a value of 2.84 x lOlh n/cm'z/sec"l.
This value, corrected for variation of flux with vertical position in the
stringer, should then give the "l/v" flux incident upon the primary cobalt
monitor. However, the vertical flux traverse indicates a position factor which
is too large on the basis of the absolute activities of both primary and
secondary cobalt monitors. The cobalt-aluminuwn wire will be scanned once again
in an attempt to remove this discrepancy.

Radio Assay for the Neptunium-239 Activation Cross-Section Measurement -
H. W. Lefevre

In connection with an experiment being conducted by E. M. Kinderman, an absolute
enalysis of the Neptunium-240 produced by an irradiation of freshly separated
Np-239 will be made. This will be done by comparing gamms activities of the
neptunium sample with a calibrated standard. Since at this time we do not know
which of two reported states of Np-240 will be produced by neutron capture in
Np-239, standards have been prepared to allow us to make an assay of either.

The gammas which will be used for comparison are of energy greater than 1 Mev
which allows use of lead filters to remove the lower energy Np-239 gammas.

(18) HW-29569, Analysis of Errors to be Expected in Measuring the Neutron
Absorption Cross Section of C*<, E. J. Seppi
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Scintillation Counting Techniques - H. W. Lefevre

Six RCA 6342 photomultipliers have been tested for resolution, gain stability
versus counting rate, and afterpulsing with a Harshaw-canned Nal crystal. The
crystal was nonuniform, giving an unsymmetrical photopeak for Cs-137, the high
energy side being steeper. With this crystal the resolution of all six tubes
was between 9.0 and 9.5% full width at half maximum. A good crystal mounted
directly on the face of one tube gave 8% resolution.

None of these tubes showed any gain drift with counting rate such as the Dumont
6292 tubes in use here have shown. Afterpulsing was serious in three tubes
when the overall voltage exceeded 1000 volts. This afterpulsing combined with
a lower gain may make use of the Dumont 6292 necessary for some applications
even though the stability is poorer. For most coaventional applications, the
advantage gained from increased stability of the 5342 will offset the slightly
better resolution which may be obtained from a selected 6292.

The Plutonium Fission Cross Section f Factor - G. W. Stuart

The Pu~239 fission cross section f factor has been recalculated on the Hanford
IBM-CPC equipment using the standard definition

® E/KT
£ J; (ki)2 ) @ (B)a

(1) =
7T om

The resulting curve agrees exactly with that presented in BNL-250 up to

E = 0.060 ev. At that energy a point of inflexion appears in our curve and it
turns below that published by Brookhaven. The calculation was carried out to
E = 0.100 ev, i.e., T = 1172 °K.

A document, HW-34162, has been issued containing the detailed results.

Thermal Test Reactor - W. P. Stinson

I. Instrumentation

The total time required for the safety rods of the TTR to fall completely
into the reactor after a scram signal is received has been measured for
two different types of tripping mechanism.

A block dlagrem of a level trip channel of the TTR is shown in Figure 8.
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FIGURE 8

Block Diagram of a Level Trip Channel of the TTR

Model V ' |
Trip 110 V AC __jScram Relay 125 v DC
Beckman
Fechani54 Normally
(Modified ) I Closed m
Safety Rod
Electromagnet

The Model V Beckman DC Amplifier was modified by changing a 3,000 uf con-
denser (C-12 on circuit diagram) to 1,000 uf as described in GEL-0219.
This decreased the total time measured by a factor of two for some of the
scale ranges.

For one set of measurements the tripping mechanism was a Nodel 705 Sensitrol
Relay. The other tripping mechanism was a trip circult with a speed of
operation of about 0.02 seconds. This circuit was designed and built by

D. C. Pound. The tripping mechanisms were connected to the Beckman recorder
output terminals, and were set to actuate when the voltage at these terminsls
was equivalent to a full scale deflection of the meter.

The time measured was that from the instant a current step-function of twice
the megnitude necessary for full scale deflection of the meter on the Beckmsn
was applied to the input of the Beckman to that where the safety rods operated
the "in" limit switch. The drop time of the safety rods was 0.43% seconds.
The results are tabulated inTable III.

Table ITI

The Operating Time of a Level Trip Channel of the TTR
in Seconds Using a Modified Model V Beckman

Beckman Scale Sensitrol Relay Trip Circuit

3 x 10~/ 0.82 0.60
10 x 10-8 0.88 0.65
3 x 10-8 0.95 0.65
10 x 10-9 1.03 0.68
3 x 109 0.87 0.63
10 x 1010 1.00 0.70
3 x 10~10 1.03 0.78
10 x 10-11 1.1% 0.8%
3 x 10-11 0.85 0.55
10 x 10-12 0.90 ———-
3 x 10712 1.03 ———-
10 x 10-13 1.02 0.68
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IX. Graphite Fabrication

All of the graphite blocks for the TTR have been machined from 4-1/4" o
4-3/16" square. The pieces directly adjacent to the core have been re-
machined to close tolerances with high quality graphite.

IRRADIATION PHYSICS

Chenges in the Thermal Properties of Solids Caused by Impurities - G. W. Stuart

A calculation has recently been published by Dugdale and MacDonald(l9) investiga-
ting the thermal properties of a linear chain of identical particles. These
authors assumed interatomic forces to be generated by the Morse potential. They
then formulated and analytically evaluated the partition function of such a
system under constant force. This final step involved some mathematical manipu~
lation which included the discard of small order terms. Proceeding through the
established methods of statistical thermodynamics, these authors were then able
to present expansions for the specific heats, the compressability and the co-
efficient of thermal expansion (plus other quantities which we shall not concern
ourselves with here). The authors then comparaed their results with experiment
and commented on the strength and weaknesses of the linear approximation.

We have found that the results of Dugdale and MacDonald may be simply extended
to the situation where impurity atoms are included in the linear chain. It is
clear that relations expressing the changes of the thermal properties of solids
with impurity content would be valuable in studying the stability of nuclear
fuels as a function of fission product content. It turns out that the exact
positioning of impurity atoms within the chain does not enter into our results,
only the total number of such impurities matters, producing a great simplifica-
tion.

We proceed as follows: Upon introducing M/2 similar impurity atoms which dis-
place original lattice atoms, Equation D.l becomes

N-M M
~a(ypy- -8y (Yp=¥pmo1)
1) v anlme e yn-1) L 1)2 4 Emlnl(e 100 Vm-1) |2

vwhere now a, D are the Morse potential parameters between two similar atoms of
the pure chain while a,, D; are the Morse potential parameters between an
impurity atom and an a%om of the original chain. We have assumed in Equation 1
that impurity atoms are present in such low concentrations that it would be
improbable that two of them should occupy adjacent positions in the chain.

The partition function for the impure chain is then found, from purely formal
menipulation, to be the product of two terms each having the form Equation D.8,
one involving the parameters a, D, N-M, and the second ay, Dy, M. From this
partition function we may calculate the thermal behavior of a linear chain

(19) J. S. Dugdale and D. K. C. MacDonald, Phys. Rev., 98, 57 (1954). The
notation of these authors will be used throughout. Their equations will
be prefixed with D.
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lattice containing impurities. Used in conpecticn with Equation D.10 through

Equation D.13, one can obtain the fractional changes in the thermal properties
of such lattices that are due to impurity content. Thus we have for the com-

pressibility, C:

| 1 Lk . 3 P
(2) & . 8.2DM 2 -ng ]Ia‘lDl .
C 2 1 11 kT _ 3 P ’
alDlN -2-+-8.—5i- ‘e i ;.D....

for the thermal expansion, p,

3 . 19 kT 11 P -

+ == 4 .. - + e
(3) o . epm [} Ran S - 1Y,
o aDIN \ 2419kl . 0 1l P L
. Pttt Tap
for the specific heat at constant force (pressure), Cp,
2
kT 15 /KT P kT
l+—+ — *“oo" (ﬁ. .—...* oooo) f “-s e
= - 3

.~ N KT 1o (KTN 0. B /19T L TN
P S e D)+ aD(—gD+ )+

and for the specific heat at constant length (volume), Ca»

2
1 kT 9
(5) AC! ) L_‘I l-gﬁ-i'~-5—2- (-);FI) - iaee
2 (p0) ¥ 2 e
: 1-1@_-_9.(&2)
8D 2 | D

Despite the crudeness of the linear model, it is felt that Equations 2through 5
give some indication of the actual behavior of a solid containing impurities.
Note that although a and D are extensively tabulated for metals, we must still
determine a; and Dy through quantum mechanical methods. Indeed, all that we
have achieved in this note is to ready a framework within which aj and Dy will
be used.

It is planned to extend this calculation by assuming a two dimensional lattice
to replace the linear model. The inclusion of interstitial atoms will also
be considered.
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PHYSICS PROBLEMS CONNECTED WITH PLANT OPERATIONS

Critical Mass Problems - D. D. Lanning

The plutonium solutions used in the Separations Plants in the past have been in
the concentration range of O to 150 g/1 or have been handled in batch sizes, such
that the experimental criticel mass data taken at the P-11 project(20) could be .
applied to the criticality hazards which arose in the handling of these solutions.
Recently, however, certain Separations Plants such as Purex snd Recuplex have
been designed to have continuous flow processes by the use of vessels whose §\\
geometric configuration causes enough neutron leakage to keepany plutonium solu-

tion from ever approaching criticality in these vessels. Actual experiments to i:§

250

determine these vessel sizes have never been performed. These experiments were
not done at P-11 because of the chemistry of plutonium which is involved. In
order to cbiain the high concentrations of plutonium desired, the nitric acid
normality had to be rather high to keep the plutonium in solution. The effect

of the nitrate from the HN03 and plutonium nitrate was to displace the hydrogen
moderator and add the more neutron absorbing nitrogen. Hence, good clean critical
experiments could not be performed with plutonium in solution. No experiments g
were considered for using precipitated plutonium in water slurries. The present
vessel sizes as designed for these plants are based on extrapolation of the data o
taken at the P-11 Project. This extrapolation gives about 8.1 inches as the _ . \
"always safe" cylinder diameter of a bare eylinder containing Pu-23%9 1lun water.

At the time these extrapclations were first made it was realized that, for the
experimental data, the major portion of the fisslons were initiated bv neutrons

of thermsl energy and in the region into which the data were extrapolated the

major portion of the fissions would be caused by neutrons of energies considerably
greater than thermal. However, in the discussion of this point it was decided

that the moderator displacement caused by the increased fuel concentrabion would
probably make these extrapolations conservative. Recently, G. Safanov 21) wage

s multi-group diffusion theory calculation in which some account could be taken

for the variation of the fission and capture cross sections of Pu-239 and the

water cross sections with energy. This calculation was fitted by some cross-

section Jjuggling to the P-11 data and to metal critical mass dsta for the case

of no moderator in the critical assembly. The intermediste cases could then be
calculated giving a curve of critical mass versus bare sphere radius for the case

of Pu~239 metal mixed with water and on this curve the HQO/Pu-239 mole ratio was
noted for various points. This curve is not the curve of interest to the Separa-
tion Plant problem since it predicts a diameter of a cylinder which is safe from

any chain reaction of plutonium to be about 3 inches for & bare cylinder of Pu-239
metal whose density is 15.8 g/cc. The worst case considered in Sepsrations Plants
using plutonium solutions is the case of the water slurry of a plutonium precipitate. e
For this case, if all of the water is driven off of the precipitate it is felt that
the cake would not have a density greater than abcut 3.5 g/cc. G. M. Muller has

(20) Xruesi, F. E., Erkman, J. O., Lanning, D. D., Critical Mass of Plutonium
Solutions, HW-2451k

(21) safanov, G., Survey of Reacting Mixtures Employing U-235, Pu-239, and U-233
for Fuel and HoO, D50, C, BeO for Moderator, R-259
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shown by purely dimensional arguments that the critical radius of infinitely
high cylinders varies inversely as the density of the material in the reactor.
5%4% = 15.5 inches for the "always safe"
diameter of a bare cylinder containing the dry precipitate. This estimate
neglects the scettering and moderation effect of the oxygen associsted with the
dry precipitate, but it indicates that the safe diameter is larger than the
extrapolated 8.1 inches. However, water can be added to the cake without
appreciably changing the concentration of plutonium thus decreasing the eritical
diameter to some minimum which 18 the actual dilameter of interest. In other
words, there is a certain H/Pu-239 atomic ratio which, for the precipitate-
water slurry, 1s the most reactive and thus takes the smellest eritical volume

of all the possible concentrations of the precipltate water homogeneocus slurries
which cen be made critical. This particulaer H/Pu ratio gives the condition
called the optimum moderation for plutonium precipitate water slurries.

Hence, for the dry slurry case D X~ 3

In order to investigate the condition of optimum moderation some information was
received from B. F. Judson on an experiment which was done to study the chemistry
of various precipitate cases. They formed a plutonium polymer of Pan(H20)7_l/2

and analyzed their solution for two concentrations of plutonium to get the
following results J

1. At & plutonium concentration of 400 g/i (H/Pu ~ 52)
681 g/1 of the polymer
761 g/1 of Pu0y(NO3),

16 /1 of HNOx

640 g/1 of Hy0
2. At a plutonium concentration of 1000 g/l (H/Pu ~ 22) ﬂééx
T, sl e
1700 g/1 of polymer ™, ~—n ;g;%vaava o+ iloxitee Ty 00
e —————————ee e e T e e 1 ’? 1’
- ' )
26 g/1 of Pu0y(NO3), ;§/5LL#

A
sibtiss, 7 g/1 of HNOs ¢/
267 g/1 of HpO

On further drying this material to (H/Pu ~ 15) they found the concentration did
not change but remained about 1000 g/l of plutonium.

By some previous experiments they found that the specific gravity of the PuOQ(NO3)2
solution could be represented by a formula of the form

SP.G. = 14 0.05Lx ¢ 0.35 y

where x is the molarity of HNOz and y is the molarity of the plutonium.
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Using this equation and the chemical analysis 1t is possible to calculate the
density (dp) of the plutonium polymer by the following equation:

W .
% TF 0.05 % ¢ 0.55 5 = (ag - W)L ag,0
where witn -
d,HBO is the density of water /% o JZ Aﬁw}
Wp is the polymer weight per cc of slurry
dry is the total density im grams per cc of the slurry A»:yr /¢wc; .
x and y are defined above : uff:f. sf;fi?l ?
For the data at 400 g/l plutonium this gives d = El;i):-;]b.‘g/cc and the 1000 g/1

data gives dp - 2.4% g/ce. This density is the polymer density which can be
used to estimate H/Pu ratios for water polymer mixtures whose plutonium concen-
tration is less than one gram per cc. Using the formula of the polymer as
PuOQ(HZO)Y_l/g, the (H/Pu) atomic ratio for the polymer water mixture is

(1) (H/Pu)p = 26—1;52 - 3.63 ; cﬁ £,1.0 g/ce
CPu :

where Cgu_is the concentration of the plutonium in this mixture.

The case that Safonov used for his calculation of a metal water mixture has an
(H/Pu)m atomic ratio of

@) (8/Pu), = %;152 - 1.679
“Pu

m
where CPu is the concentration of plutonium in the water metal mixture.

For the water polymer mixture there is no experimental information on the varia-
tion of the (H/Pu) ratio at C%u greater than one g/cc so the assumption is made

that the variation follows an equation of the form (H/Pu)p - A + B
D

CPu
with the boundary conditions of
(B/Pu), = O when ¢ . 3.5 g/ee
. b
H/Pu = 22.9 when C - 1.0 g/ec
(B/Pu)y 9 oy C &/
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This gives

(3) (afpa), = 2L . 906 5 1(@ L35
CPu Pu

With these three equations it is possible to get the ratio of C?u/Cgu at the same

H/Pu ratio for various concentrations of the plutonium by setting (H/Pu) =
. P
(H/Pu)m to get

cR
(&) Buo ook R o+1 ;3 cP 1.0
p - 755 pal b 3 Pu4
Cou
¢
(5) Pu . - p
2 0.2334 Cp +0.827h 5 1 LCD (3.5
Pu

The curves published by Safanov can be used to find the bare sphere critical
radius (R) of a metal water mixture with a given (8/Pu), and C?ﬁ' By equating

geometric bucklings of an infinitely long bare cylinder and a bare sphere, the
radius of the critical cylinder (R?) containing this material can be estimated
by the equation:

(6) oo (@) 22 - g

where X is the bare reactor extrapolation length. Then using the Equations 4 and
5 the estimated critical radius (Rg) for an infinite cylinder containing a mixture
of water and plutonium polymer is given by

fom
hs - Rlz ._%_U.
\CPu

The results of this calculation can be sketched as shown in Figure 9.

+
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"Always Safe' /41
Cylinder

Diameter
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e
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" 3 70 15 7o 50 r49) 70 to J0 700

H/Pu Atomic Ratio

The yalue of the extrapolation length () to use in Equation 6 is uncertain for
this problem. Previous estimates on £ gave values around 2.68 cm which is the
value used to calculate Curve A. However, some calculations done at Los Alamos(ae)
indicate that the Oak Ridge data are best fit by a bare extrapolation length of

4 cm which is the value used for Curve B in Figure 9. Line C of Figure 9 is the
presently used extrapolated value for the "always safe” cylinder diameter. This
calculation is also uncertain, as previously noted, since it neglects the modera-
tion and scattering effects of the oxygen which is associated with the precipitate.

Contact has been made with people at Osk Ridge by G. M. Muller and G. W. Anthony
to make a calculation similar to that of G. Safanov and to extend these calcula-
tions to the precipitate case.

However, there will probably always be some uncertainty in such calculations,
since cross sections are adjusted to make the calculation fit experimental data.
The best solution to this problem would be an experiment. In Figure 9 it is
shown that the mixture of optimum moderation for the precipitate case comes at
the H/Pu ratio of ~25. The chemists' experiment shows that this is the region
in which the Pu density is not changing rapidly as water is added to the mixture.
Thus, it is conceivable that the mixture which gives the optimum moderation is
the one naturally occurring when the precipitate settles to the bottom of a

tank. This indicates the problem is a real one and also suggests an experimental
procedure for measuring the minimum critical volume. The experiment could start
with the dry polymer (H/Pu ~15) and multiplication measurements made as small
increments of water are added to the mixture. The volume of this mixture stays
essentially constant as the optimum concentration is approached. This avoids

the more hazardous experiment in which the mixture is kept homogeneous by a
mechanical stirrer such that when the stirrer is shut off the precipitate can
settle to an unknown and possibly more reactive configuration. This experiment
could be made in a 10" aluminum-walled cylinder so that the height for the bare

(22) W-2-353, Extract
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cylinder will nearly equal the diameter. Flux traverses could be made on the
critical assembly by using a wire of some activating material such as gold
placed in a small re-entrant tube through the center of the cylinder. Scanning
this wire with a counter would give the flux distribution and fitting this dis-
tribution to the appropriate diffusion theory function would give information on
the extrapolation length. This extrapolation length would then be used to
interpret the results of the minimum critical volume experiments in terms of a
safe column diameter.

In order to do such an experiment, it would be practlically necessary to start a
critical mass experimental program. It is felt, however, that there are enough
problems accumulated which concern the handling of plutonium in the present sep-
aration plants to warrant such an experimental program. Some of these problems
can be listed as follows:

1. The "alwsys safe" cylinder diameter.
2. The "always safe" slab size.

3. The interaction between safe vessels as a function of distance and
reflection between them.

b, The interaction between larger vessels which can be made critical as
8 function of distance and reflection between them.

5. The effect of joining process pipes onto safe vessels.

6. The effect of adding reflectors in the form of supports to safe
cylinders.

The effect‘of Pu-240 on the safe vessel size.

8. The effect of nearby structural materials on the safe vessel size as
a function of distance from the vessel.

Items 1 and 2 are related in theory by equating bucklings. However, this calcu-
lation is uncertain because of the uncertainty of the extrapolation length as
already noted. Possibly such experiments would give another method of finding
the extrapolation length for plutonium solutions. Item 3, on the interaction
between safe vessels, is a very immediate problem concerning the handling of
sample cans and the new PR (product receiving) cens. Present limits on the
handling of these cans are very uncertain and hence are made ultraconservative.
An experiment would probably allow a considerable increase in these handling limits
and storage costs. Item 4, concerning interaction between critical vessels, has
been studied at Osk Ridge for UP3P0,F, solutions and the data have been used for
problems concerning plutonium solutions. However, because of the plutonium
resonance near 0.3 ev, the effect of neutron interaction might be appreciably
different for vessels containing plutonium. Similar arguments can also be given
for the effect of reflection from supporting pipes. Concerning Item T,

G. Safanov shows in R-259 that the "median fission energy" for an H/Pu ratio of
20 is about 10 ev. This is an energy considerably sbove the resonance energy of
-Pu-240 which is about 1 ev. Thus, the effect of Pu-2L40 could be different for
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this case than that which was messured in the previous critical mass experiments.

At present there is an experimental program at Oak Ridge studying the critical
mass of various U-235 solutions. However, becsuse of the biological hazerds
associated with plutonium solutions, they are not equipped to handle plutonium
eritical mass problems. There have been an increasing number of these problems
arising for which only conservative solutions can at present be estimated. It
appears that an experimental program would give information on the critical con-
centration above any previous experiments to study the criticality hazards of
continuous flow separations plants, and, also such a program would reduce some
of the uncertainties in the present critical mess information, which are causing
severe limitations in the handling and storage of plutonium solutions.
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